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SUMMARY
This paper presents the results from the Deflo-hydroacoustic experiment in the Southern Indian
Ocean using three autonomous underwater hydrophones, complemented by two permanent
hydroacoustic stations. The array monitored for 14months, fromNovember 2006 to December
2007, a 3000× 3000 kmwide area, encompassing large segments of the three Indian spreading
ridges that meet at the Indian Triple Junction. A catalogue of 11 105 acoustic events is derived
from the recorded data, of which 55 per cent are located from three hydrophones, 38 per cent
from 4, 6 per cent from five and less than 1 per cent by six hydrophones. From a comparison
with land-based seismic catalogues, the smallest detected earthquakes are mb 2.6 in size, the
range of recorded magnitudes is about twice that of land-based networks and the number of
detected events is 5–16 times larger. Seismicity patterns vary between the three spreading
ridges, with activity mainly focused on transform faults along the fast spreading Southeast
Indian Ridge and more evenly distributed along spreading segments and transforms on the
slow spreading Central and ultra-slow spreading Southwest Indian ridges; the Central Indian
Ridge is the most active of the three with an average of 1.9 events/100 km/month. Along the
Sunda Trench, acoustic events mostly radiate from the inner wall of the trench and show a
200-km-long seismic gap between 2 ◦S and the Equator. The array also detected more than
3600 cryogenic events, with different seasonal trends observed for events from the Antarctic
margin, compared to those from drifting icebergs at lower (up to 50◦S) latitudes. Vocalizations
of five species and subspecies of large baleen whales were also observed and exhibit clear
seasonal variability. On the three autonomous hydrophones, whale vocalizations dominate
sound levels in the 20–30 and 100 Hz frequency bands, whereas earthquakes and ice tremor
are a dominant source of ambient sound at frequencies <20 Hz.
Key words: Hydrogeophysics; Acoustic properties; Mid-ocean ridge processes; Indian
Ocean.
1 INTRODUCTION
Due to the remoteness of most mid-ocean ridges relative to the con-
tinents, the low-level seismic activity associated with the seafloor
spreading processes is often not well recorded by land-based seis-
mic networks. This is due to the rapid attenuation of seismic waves
in the solid Earth, which prevents small magnitude earthquakes
from being detected at distant land-based stations. Acoustic waves
in the oceans, however, can propagate sound over very long dis-
tances with little attenuation. Exploiting this exceptional acoustic
environment, deployments of hydrophone arrays have been used
effectively to monitor the acoustic waves generated by submarine
seismic and volcanic activity (Dziak et al. 2012). The low-level
background seismicity of mid-ocean ridges has been so monitored
for 20 yr in the Pacific Ocean (e.g. Fox et al. 1995; Fox & Dziak
1998; Fox et al. 2001; Dziak et al. 2011) as well as in the Atlantic
Ocean (e.g. Smith et al. 2002; Bohnenstiehl et al. 2003; Dziak et al.
2004; Goslin et al. 2005; Sima˜o et al. 2010; Goslin et al. 2012).
The Indian Ocean offers the opportunity to simultaneously moni-
tor the low-level seismic and volcanic activity of three ridges with
contrasting spreading rates, from ultraslow to slow and intermedi-
ate, respectively, along the Southwest, Central and Southeast Indian
Ridges that meet at the Indian triple junction (Schlich 1982). From
October 2006 to January 2008 (14 months), an array of three au-
tonomous underwater hydrophones (AUHs) was deployed as part
of the Deflo (Deformation of the Oceanic Lithosphere) experiment.
These data have been analyzed in conjunction with data from two
permanent hydroacoustic stations of the International Monitoring
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Figure 1. Acoustic events detected between 2006 October 1 and 2008 January 31 by an array of three temporary hydrophones (open circles) and three
permanent IMS hydroacoustic stations (open stars). Yellow symbols refer to icequakes or cryogenic tremors. Size of symbol reflects the number of hydrophones
(from 3 to 6) used in the location determination. Polygons refer to event analyses in the text.
System (IMS) of the Comprehensive Nuclear-Test-Ban Treaty Or-
ganization (CTBTO), which have been used previously to assess the
soundscape in the Indian Ocean basin (Hanson & Bowman 2005,
2006). This paper presents the data acquired during the Deflo ex-
periment and the cataloguing of seismic and volcanic events, whale
vocalizations, icequakes and cryogenic tremors.
2 DATA ACQUIS IT ION
The array of hydrophones was set to encompass the three Indian
ocean spreading ridges with instruments located south of La Re-
union Island in the Madagascar Basin (MAD), mid-way between
the Kerguelen and Amsterdam islands (SW-AMS), and northeast
of the St Paul and Amsterdam volcanic plateau (NE-AMS; Fig. 1).
These three AUHs were deployed in October 2006 during a sur-
vey of the St Paul and Amsterdam plateau. Two of the instruments
were recovered during a cruise in January 2008 and the third was
recovered in April 2008 during yearly supply voyage to the French
southern islands. In total, this remote hydroacoustic experiment re-
quired 110 d at sea to complete. The instruments were moored in the
SOFAR (Sound Fixing and Ranging) channel axis at depths ranging
from 1300 to 1000 m (Table 1). The Pacific Marine Environment
Laboratory (NOAA/PMEL) provided the AUHs, and Laboratoire
Domaines Oce´aniques supplied the moorings.
The hydrophones were set to record acoustic waves continuously
at a rate of 250 Hz on 2-byte-long samples (16 bits A/D converter).
Their Q-Tech high-precision clocks were synchronized with the
GPS clock prior to deployment and after recovery. Clock drift range
from 0.8 to 1.5 s over about 14 months (i.e. average drift in the
order of 10−8; Table 1). The permanent IMS hydroacoustic stations,
located on either side of Diego Garcia Island (HA08N, HA08S) and
off Cape Leeuwin (HA01W) Australia, complemented our tempo-
rary array. Although each of them actually comprises a triplet of
hydrophones, 2 km apart from one another and cabled to shore, our
analysis used only one hydrophone of each triad. The IMS acous-
tic records are similarly sampled at 250 Hz. With this set of three
temporary and three permanent stations (at five sites), the whole
array encompassed an area of approximately 3000 × 3000 km, but
detected events cover a much wider area from the Antarctic margin
(70◦S) to the northern termination of the Sunda Trench (10◦N), and
from 35◦E to the Macquarie Ridge (160◦E; Fig. 1).
3 CATALOGUE OF HYDROACOUST IC
EVENTS
Data from the three AUHs and three IMS hydrophones were jointly
analysed using the ‘Seas’ software developed at PMEL (Fox et al.
2001). The main task is to identify records of the same acous-
tic event on each instrument. The source of acoustic events is
then localized by a non-linear least-square minimization of the ar-
rival times (of peaks of energy in the spectrograms) on each of
the hydrophones (Fox et al. 2001). Sound velocities in the ocean
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Table 1. Autonomous hydrophone locations and parameters (jd = Julian day).
Site MAD SW-AMS NE-AMS
Hydrophone # H22 H11 H40
Latitude 26◦05.00′S 42◦59.46′S 31◦35.09′S
Longitude 058◦08.56′E 074◦35.34′E 083◦14.89′E
Depth 1300 m 1050 m 1200 m
Record start 2006 October 30 (08h59′) jd = 303 2006 October 11 (16h36′) jd = 284 2006 October 10 (15h39′) jd = 276
Record end 2008 January 5 (04h10′) jd = 005 2008 January 13 (05h13′) jd = 012 2008 April 26 (02h24′) jd = 117
Clock drift 1.52 s (4 × 10−8 s/s) 1.28 s (3 × 10−8 s/s) 0.80 s (2 × 10−8 s/s)
Data file size 17.35 Gb 18.45 Gb 22.90 Gb
Sampling rate 250 Hz 250 Hz 250 Hz
Sensitivity –153.735 dB –153.735 dB –153.735 dB
are derived from the Global Digital Environment Model (GDEM)
and averaged along great circles joining the source and each of
the receivers. A total of 11105 acoustic events were handpicked
and localized from this hydrophone array (Fig. 1). In this collec-
tion, 5579 events (55 per cent) were localized with only three hy-
drophones, 3856 events (38 per cent) with four hydrophones, 591
events (6 per cent) with 5 hydrophones and only 79 events with six
hydrophones; depending on the event locations, areas of shallow
bathymetry may block acoustic propagation along some source-
receiver paths. With more than three arrival times, uncertainties can
be estimated (Fig. 2): inside the array, 80 per cent of the events have
uncertainties (1σ ) less than 3 km both in latitude and longitude,
and less than 2 s in the time origin. Among the events determined
from five and six hydrophones, 73 per cent (62 per cent with four
hydrophones) have uncertainties in origin time that are less than 1s.
In an attempt to assess the accuracy of our event determina-
tion, we compared the Deflo catalogue with several catalogues from
land-based seismological networks: the National Earthquake Infor-
mation Center (NEIC) at the USGS, the global Centroid Moment
Tensor catalogue (CMT), the earthquakes relocated by the Interna-
tional Seismological Center (ISC; 2011), the events relocated with
the Engdahl et al. (1998) algorithm (EHB), and the Review Event
Bulletin (REB) from the International Data Center of CTBTO. We
limited this comparison to the area enclosed in our array (plain line
polygon in Fig. 1), where location and time determinations are the
most accurate. Thus this area comprises only shallow earthquakes
(i.e. within the oceanic crust) for which the assumption is that the
seismic/acoustic conversion point matches the epicentre location.
For the period from 2006 October 3 to 2007 December 23, this area
comprises 1905 acoustic events, 37 CMT events, 84 EHB events,
127 NEIC events, 128 ISC events and 265 REB events (Table 2).
A search was made within a 100 s and 300 km window about each
AUH event. The mean distance between the AUH and land-based
seismic locations ranges from 11 to 18 km, with standard deviations
of 8–16 km (Table 2). Themedian origin time delay (preferred to the
mean to avoid outliers) ranges from 0.2 to –0.9 s except for the REB
where it reaches –2.5 s; standard deviations are on the order of 6 s.
A positive time-delay means a later T-wave origin-time relative to
the hypocentre-time. The best matches are found with the EHB and
CMT catalogues, which generally include the best-recorded events
on land. This confirms an improved accuracy for the locations de-
termined from the hydroacoustic data, relative to the teleseismic
observations, as noted previously for AUH arrays in the Pacific and
Atlantic Oceans (Bohnenstiehl & Tolstoy 2003; Pan & Dziewonski
2005).
Acoustic events can be characterized by their acoustic magnitude
or source level. Source levels are derived from the recorded levels at
each hydrophone, corrected from the transmission loss between the
event and hydrophone locations. The received level (RL), expressed
in decibels with respect to 1 micro-Pascal, (dB re µPa at 1 m)
corresponds to the maximum peak-to-peak amplitude in a 10s-
time window centred on the peak of energy in the acoustic signal,
in the 3–110 Hz frequency range, which resembles most to the
definition of seismic amplitudes. The transmission loss (TL) comes
from the cylindrical sound-spreading between the event location
and the hydrophone, and from the spherical sound-spreading in
the water column between the sea-bottom acoustic radiator and the
sound channel axis. Source level (SL) also with units of as dB re
μPa at 1 m, is thus obtained from the following equation:
SL = RL + TL = RL + 10 log(d) + 20 log(z), (1)
where RL is the received level at the hydrophone, d is the distance
in kilometres between the event location and the hydrophone and z
is assumed constant and equal to 1000 m (i.e. a spherical spreading
loss of 60 dB). The SL associated to an acoustic event will be
the median value of the independently estimated SL’s from each
hydrophone; a median is preferred to a mean to avoid outliers due,
for instance, to a low RL caused by a partially blocked acoustic
path. In our catalogue, SL’s range from 191 to 262 dB; in the dashed
polygon in Fig. 1, the SL range from 212 to 252 dB and are centred
on 221 dB.
The completeness of the hydroacoustic array can be assessed
from the comparison of SL’s with magnitudes of seismic events.
This approach is based on the assumption that acoustic events follow
a Gutenberg–Richter’s law (1954) where SL’s are, as magnitudes,
proportional to the logarithm of the cumulative number of events
with the same SL (e.g. Bohnenstiehl et al. 2002). Fig. 3 shows
the distribution of SL and body-wave magnitude mb from land-
based catalogues for all events in the polygon outlined in Fig. 1.
Since the number of events and their mb magnitudes differ from
one catalogue to another, the SL completeness, expressed in mb,
varies from 2.9 (EHB), 3.3 (REB), 3.2 (ISC) to 4.0 (NEIC). For
comparison, the ‘land-based’ mb completeness for this area and
period considered is 3.8 (REB), 4.0 (ISC, EHB) and 4.5 (NEIC).
The SL completeness derived from the EHB catalogue is probably
too low since the Engdahl et al. (1998) selection criteria exclude
many smaller events within the ISC and other catalogues. The EHB
catalogue does not estimate magnitude, and generally reports the
same mb values as the ISC. For the selected events, the ISC and
REB mb’s are lower than the NEIC mb’s, and the REB mb’s are
lower than the ISCmb’s. Due to the distribution of IMS stations with
respect to the other seismological arrays, the REB has magnitude
of completeness that is 0.5 units smaller than the ISC catalogue
(Storchak et al. 2011). Thus, for the area and period considered, the
completeness of our hydrophone array is almost one magnitude unit
(0.5–0.7) smaller than that of land-based seismological networks,
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Figure 2. Distribution of uncertainties (1σ ) in the location and time origin for all events (left-hand panel) and events located inside the hydrophone array
(right-hand panel; events enclosed in dashed contour in Fig. 1); N is the number of events detected by four hydrophones (light grey), five hydrophones (dark
grey) and six hydrophones (black). Uncertainties cannot be calculated for events detected by only three hydrophones.
Table 2. Comparison between the AUH catalogue of events and land-based
seismological catalogues (see text for the acronyms). Comparison limited
to the 1905 acoustic events located inside the array (plain line polygon in
Fig. 1), for the period between 2006 October 3 and 2007 December 23.
Catalogue REB ISC NEIC EHB CMT
Number of events 265 128 127 84 37
Matching events 232 117 116 79 36
Magnitude range 3.4–5.1 3.6–5.6 3.8–5.9 3.8–5.6 4.6–5.8
Mean distance 18 km 13 km 13 km 14 km 11 km
Sigma 16 km 11 km 10 km 9 km 8 km
Median time delay –2.5 s –0.4 s –0.7 s 0.2 s –0.9 s
Sigma 5.9 s 5.8 s 5.9 s 4.7 s 5.7 s
leading to the detection of 5–16 times more events than the REB
and NEIC networks, resp. (∼10 times more than the ISC catalogue).
From the comparison with the ISC catalogue, the lowest detected
magnitude is in the order of mb 1.7 and the range of recorded mag-
nitudes (mb = 1.7–5.8) is about twice that of land-based networks
(mb = 3.6–5.8).
The catalogue consists of acoustic events mainly generated by
earthquakes or volcanic eruptions along the Indian Ocean active
plate boundaries, which are comprised of the three Indian spread-
ing ridge system and the Sunda Trench; it also includes many ice
quakes and iceberg-generated tremors located off the Antarctic mar-
gin. These events will be described in the next sections. Among
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Figure 3. Comparison of acoustic Source Levels (SL) and seismic magnitudes (mb) from different land-based catalogues, for events located inside the
dashed-line polygon in Fig. 1. SLp2p is the SL peak to peak (see text). The correspondence between the SL and mb scales is based on matching the best-fitting
Gutenberg–Richter lines up to the completeness values outlined in green for the land-based catalogues and in red for the acoustic catalogue. The upper graph
shows the number of events in each catalogue in bins of mb = 0.1 (it also shows the number of events relative to the SL scale). The maximum number of event
(red line) corresponds to the acoustic completeness. The right graphs show the resulting SL to mb relationship (and reciprocal) and trend line. Note that the
EHB catalogue adopts the ISC’s mb values, whereas the ISC, NEIC and REB catalogues report different mb values for the same seismic events.
unusual events, on 2007 April 5, our array detected seismic activity
associatedwith the eruption and collapse of the Piton de la Fournaise
caldera on La Reunion Island (April 5; Michon et al. 2007). A total
of 32 events (aligned dots near the island in Fig. 1) were recorded
by the three autonomous hydrophones, two of them being about
3000 km away from the island. They span fromApril 5, 04h43UTM
toApril 7, 15h10. Their SL is in the order of 220 dB except one event
at 230 dB (April 6 at 17h23). Their mislocation and alignment with
the southwestern edge of the array is a geometrical artefact of the
localization inversion, whereby location accuracy decreases outside
the array and locations tend to scatter along an azimuth, defined
by a common travel-time hyperbole of events with similar arrival
times across the array, that points toward the true source location
(Fox et al. 2001). There are also a few acoustic events in the mid-
dle of oceanic basins, for instance in the Crozet Basin (60–70◦E,
40◦S); their origin is unknown or they may be due to erroneous
associations of events in the hydrophone records. However, all of
the events located between the Central and Southeast Indian ridges
and the Sunda Trench reflect the on-going intraplate deformation
of the Indo-Australian Plate. They cluster near the Chagos Bank
and Central Indian Ridge FZ’s, off and east of the Southeast Indian
Ridge, at the southern tip of the Ninetyeast Ridge, and over the
Wharton Basin; all these areas are known to be seismically active
(e.g. Bergman et al. 1984; Wiens 1986; Petroy & Wiens 1989) and
form the diffuse plate boundaries between the rigid components of
the Indo-Australian Plate (Royer & Gordon 1997).
 at Biblio Planets on O
ctober 30, 2015
http://gji.oxfordjournals.org/
D
ow
nloaded from
 
Results from a hydroacoustic experiment in the Indian Ocean 753
4 MID -OCEANIC RIDGE SE ISMIC ITY
The main objective of this experiment was to document the low-
level seismic activity associated with the three Indian mid-oceanic
ridges, which spread at contrasted rates from ultraslow (16 mm a–1),
slow (40 mm a–1) to intermediate (65 mm a–1), along the Southwest,
Central andSoutheast Indian ridges, respectively. The distribution of
acoustic events along the three ridges is indeed contrasted. Figs 4–6
display the distribution of acoustic events versus their distance from
the Rodrigues triple junction (RTJ) calculated from the best-fitting
pole describing the relative motions along these plate boundaries
(DeMets et al. 1994; NUVEL-1A); their geographic distribution
are plotted in an oblique Mercator projection relative to these best-
fitting poles. In such representation, events along transform faults
will align along straight lines (i.e. will be at an equal distance from
the RTJ).
Along the Southeast Indian Ridge (SEIR, 55–68 mm a–1), the
seismicity is mainly located on transform faults (TF) and occurs at
an almost constant rate throughout the experiment duration (Fig. 4).
The TF predominant activity is illustrated by stepwise increases in
the cumulative number of events at FZ’s (blue curve in Fig. 4). The
most active area is the St Paul–Amsterdam (SPA) plateau (Fig. 7),
which comprises several short ridge segments offset by closely
spaced transforms (Royer & Schlich 1988; Conder et al. 2000;
Scheirer et al. 2000; Maia et al. 2011). The active transforms are
the Amsterdam FZ (78.6◦E), bounding the SPA Plateau to the west,
and two short transform offsets at 37.5◦S and 38.7◦S. On the 37.5◦S
TF, events align along both sides of a short, curved and presumably
active ridge segment (Scheirer et al. 2000), suggesting the transform
fault is continuous and that the curved ridge-segment is currently
inactive. The SPA plateau also displays a large cluster of events (68
events in October 2007) at the western extremity of a long ridge
segment and a small cluster (14 events in March 2007), clearly off
axis and off transform, but centred on the St Pierre Bank, southeast
of St Paul Island. No magmatic activity has yet been reported for
this seamount. The only other active spreading segment on the SEIR
is located 600 km from the RTJ (74.5◦E).
Along the two other spreading ridges, seismicity of transform
faults is still dominant but many ridge segments are also active, as
illustrated by a regular increase in the cumulative number of events
from the RTJ. The Central Indian Ridge (CIR, 48–35 mm a–1) dis-
plays several very active ridge segments in the immediate vicinity
of the triple junction and 150 km away from it, where active hy-
drothermal sites have been reported (Hashimoto et al. 2001; Van
Dover et al. 2001). The next active segments are located between
the Egeria and Marie Celeste FZ’s (20–18◦S) where active hy-
drothermal vents have recently been discovered (Tamaki 2010), and
between 13◦ and 14◦S, which comprises two short offset discontinu-
ities. All transform faults are also very active. The seismicity of the
Southwest Indian Ridge (SWIR, 14 mm a–1) is even more evenly
distributed in time and space, between transform and ridge seg-
ments, than the CIR. Swarms occur on two ridge segments at 58◦E
(January 2007, 1200 km) and 51◦E (July/August 2007, 1800 km),
and at the Atlantis II ridge-transform intersection at 57◦E (January
2007, 1280 km; Figs 6 and 8). Small clusters of events also occur
on off-axis parallel seamounts and could be associated with de-
tachment faults parallel to the ridge axis (Sauter et al. 2013), as
observed along the slow mid-Atlantic Ridge (Escartin et al. 2008);
four events cluster on the Atlantis Bank, suggesting that the up-
lift of this transform-parallel seamount (Baines et al. 2003) is still
on-going (Fig. 8).
Overall, within the range of SL (i.e. magnitudes) detected by
the hydrophone array, the CIR is the most seismically active of
three spreading ridges with an average of 28 events/100 km and 1.9
events/100 km/month, versus 20 and 1.3 for the SEIR and 18 and
1.2 for the SWIR (Table 3). Most events have SL values around
220± 5 dB, and, of the three ridges, the CIR has the largest number
of events in this range. Within a 50 km radius, the Rodrigues triple
junction concentrates a large number of events along the CIR (77),
SWIR (20) and SEIR (11). The reduced number of events along
the SEIR ridge segments may reflect a lesser seafloor spreading
activity than along the CIR or SWIR, but is more likely due to
the occurrence of events with SL’s lower than the detection thresh-
old of our hydrophones. The size of the largest spreading centre
earthquakes is limited by the thickness of the brittle layer, and
therefore decreases with increasing spreading rate (Cowie et al.
1993). The predominance of micro-earthquake (ML < 2) activity
along intermediate (e.g. Galapagos: Macdonald and Mudie 1974;
Juan de Fuca: Hildebrand et al. 1997) and fast (e.g. East Pacific
Rise: Stroup et al. 2007) spreading ridges is well established. The
range of source levels is wider on transform faults (210–250 dB, up
to 260 dB on the Marie-Celeste FZ, Fig. 5) than on ridge segments
(210–240 dB).
5 SUBDUCTION SE ISMIC ITY
A large number of acoustic events (3118) are located along the
Sunda Trench (Fig. 9), of which one third (1064) are detected by 4
or more hydrophones (yellow symbols). The first observation is that
most of the T-phase radiators related to subduction earthquakes are
located along the continentalwall of the trench, as shownby the best-
located events (four hydrophones or more). The second observation
is that they cluster in two main areas: near the hypocentres of the
2004 Aceh (Mw = 9.0) and 2005 Nias (Mw = 8.7) mega-events,
and along a segment of the trench that ruptured in a series of large
(Mw > 6.9) earthquakes in September 2007. Separating these two
areas, there is a 200-km-long seismic gap. Between approximately
3◦ and 10◦N, along the northern sections of the Aceh rupture zone
(Lay et al. 2005; Tolstoy & Bohnenstiehl 2006), acoustic events
occur in fewer numbers and they are located both along the trench
and off the trench within the northern Wharton Basin. To the east
and south of the 2007 events, earthquake activity becomes sparse in
both the hydroacoustic and land-based (e.g. Engdahl et al. relocated
events shown in Fig. 9) catalogues.
6 CRYOGENIC EVENTS
One surprise of this experiment was the numerous events (3645) of
cryogenic origin recorded by our array, althoughmany have been re-
ported from the IMS stations, particularly from theHA01 station, off
Cape Leeuwin, Australia (Hanson & Bowman 2005, 2006; Chapp
et al. 2005; Gavrilov & Li 2008) or from seismological stations in
the Pacific Ocean (Talandier et al. 2002, 2006). These events are
mostly located southeast of Kerguelen Plateau and off the Antarctic
margin (Figs 1 and 10). Some are clearly distinguishable from seis-
mic events due to their duration (from a few 10 s to 30 min), larger
frequency range (fewHz up to 100 Hz) or harmonic spectral charac-
ter that may involve multiple overtones and exhibit time-frequency
gliding (Fig. 10). The SOFAR channel becomes shallower at high
latitudes and disappears to the south of the Antarctic Convergence
Zone. Signals originating near the Antarctic coast must therefore
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Figure 4. Distribution of acoustic events along the Southeast Indian Ridge (SEIR). Top panel: mid-oceanic ridge events in an oblique Mercator projection
relative to the NUVEL-1A best-fitting pole for the SEIR (SPA: St Paul and Amsterdam Plateau). Straight lines correspond to small circles about the best-fitting
pole; distances are reported from the Rodrigues triple junction (RTJ). Bottom panel: number, time and source level distributions of events versus distance from
the RTJ calculated from NUVEL-1A best-fitting pole. Vertical grey lines are transform faults (TF). The dotted black line shows the spreading rates predicted by
the kinematic model. The blue line corresponds to the cumulative number (divided by 10) of acoustic events from the RTJ. Large stars and circles correspond
to hydrothermal sites reported as active (full star), inactive (open star) or inferred from plume anomalies in the water column (open circle) in the InterRidge
data base (Beaulieu 2013).
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Figure 5. Distribution of acoustic events along the Central Indian Ridge (CIR). Same legend as in Fig. 5.
propagate initially as sea-surface reflected phases within the polar
half-channel or surface duct, before coupling into the deep sound
channel that enables propagation over several thousand kilometres
(e.g. at MAD, 5000 km away or at HA08, 6600 km away; e.g. Chapp
et al. 2005; de Groot-Hedlin et al. 2009).
Most cryogenic events (2085) cluster within 100 km from
the Antarctic continental shelf (south of the dashed line in
Fig. 10). These events may be related to iceberg calving, collid-
ing and rubbing as they drift counter-clockwise around Antarctica
within the Antarctic coastal current, which moves counter to the
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Figure 6. Distribution of acoustic events along the (upside-down) Southwest Indian Ridge (SWIR). Same legend as in Fig. 5.
eastward Antarctic Circumpolar Current to the north. Widely dis-
tributed events (north of the dashed line) are likely related to
drifting icebergs, which sometimes can drift up to 50◦S. Each of
these events most likely corresponds to one iceberg, which may
crack and break into smaller pieces in different locations. The
near-shelf clusters reflect a higher density of icebergs and stormy
weather periods. The time distribution of the two populations is
contrasted (Fig. 11): the near shelf events occur from late Sum-
mer to early Spring, in uneven numbers probably depending on the
weather (wind and swell), whereas ocean-drifting icebergs mostly
 at Biblio Planets on O
ctober 30, 2015
http://gji.oxfordjournals.org/
D
ow
nloaded from
 
Results from a hydroacoustic experiment in the Indian Ocean 757
−4000
−3500
−3000
−2500
−2000
−1500
−1000
−500
0
77˚E 78˚E 79˚E 80˚E
39˚S
38˚S
37˚S
36˚S
Amsterdam Is.
St Paul Is.
Boomerang
Seamount
Am
ste
rda
m 
TF
St Pierre
Bank
Figure 7. Acoustic events (236) over the St Paul and Amsterdam Plateau
(Southeast Indian Ridge), detected in 2007 by four or more hydrophones
(145 blue symbols) and only three hydrophones (91 white symbols) of the
array. Most events cluster on the transform faults that linked the Southeast
Indian Ridge segments (dashed lines). One cluster occurs at the tip of the
southernmost ridge-axis segment and one cluster is clearly off axis, but asso-
ciated with a volcanic seamount, the St Pierre bank. Combined bathymetric
grids from Scheirer et al. (2000) and Maia et al. (2011).
crack and disintegrate in the Summer and are much fewer in the
Winter.
The source levels of the cryogenic events range from 213 to 245
dB re µPa at 1 m, with a maximum number of events between 220
and 226 dB (Fig. 12). Their distribution is therefore similar to that
of the seismic events (Figs 1 and 3), and according to the SL/mb
relationship calculated in a previous section, icequakes produce
acoustic source levels equivalent to earthquakes with magnitudes
ranging between 2.2 and 3.7 (REB mb). However, it is not possible
to assess the completeness of our array or a comparable scale of
magnitude. Furthermore, the measured peak-to-peak SL is not al-
ways appropriate to characterize cryogenic events. Typically, when
the cryogenic signals last several minutes, the operator, in order
to locate the event, will pick the arrival times of unique features
in the spectrograms (e.g. an impulsive signal onset or interruption,
sharp change in frequency). The SL is derived from the maximum
peak-to-peak amplitude in a 10s window centred on the picked ar-
rival time. Source levels based on the signal energy in the same
10s window display a similar distribution but shifted towards lower
values (205–234 dB range centred on 215). Events located just off
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Figure 8. Acoustic events near the Atlantis II FZ on the Southwest Indian
Ridge, detected in 2007 by four or more hydrophones (57 blue symbols) and
only three hydrophones (77 white symbols) of the array. The main cluster
of events is located at the northern ridge-transform intersection, but several
small clusters occur on off-axis seamounts (see text). Bathymetric grid from
Sauter et al. (2011).
Table 3. Distribution of acoustic events along the Central (CIR),
Southeast (SEIR) and Southwest (SWIR) Indian ridges. Length of
boundary adds up spreading ridge and transform fault segments.
CIR SEIR SWIR
Range of spreading rates (mm a–1) 35–48 55–68 13–15
Length of boundary (km) 2119 2914 2839
Number of events 809 590 509
Number of events/100 km 28 20 18
Number of events/day 1.8 1.3 1.1
Number of events/month 54 39 34
Number of events/100 km/month 1.9 1.3 1.2
the Antarctic margin or from drifting icebergs (i.e. south and north
of the dashed line in Fig. 10, resp.) have a similar SL range and
distributions. However, events during the austral summer and fall
seasons have higher SL than the events during the winter and spring
seasons (from 2006 December 1 to 2007 November 31) and they
are more frequent (1993 versus 1392 resp.). It suggests that, in this
region, the contribution of cryogenic events to the ocean noise bud-
get is higher in the summer and fall than in the winter and spring.
This is consistent with seasonal patterns of low-frequency noise
observed throughout the Southern Ocean (Matsumoto et al. 2014).
7 LONG-TERM SOUND SOURCES
Long-term spectrograms of the acoustic power spectral density and
the daily average sound levels recorded on the three temporary
hydrophones are shown in Fig. 13 (location of the hydrophones is
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Figure 10. Geographic distribution of cryogenic events and examples of ice tremor signatures.
also shown in Fig. 1). Overall, the long-term sound energy levels
are roughly equivalent at all three sites, with the background levels
in the 70–90 dB re µPa2 Hz−1 and the highest energy levels at
110–130 dB re µPa2 Hz−1 located in the sub 20 Hz bands. The
most sustained source of long-term sounds appears to come from
whale vocalizations in the 20–30 and 100 Hz frequency bands, and
earthquakes and ice tremor at frequencies <20 Hz.
The acoustic energy on all three hydrophones focused in the
20–30 Hz band with a strong overtone at 100 Hz are the vocaliza-
tions of blue (Balaenoptera musculus) and fin (B. physalus) whales
(Sˇirovic´ et al. 2004, 2007; Rankin et al. 2005; Samaran et al. 2013).
This energy is present from April to November (2007), which is
consistent with the seasonal distribution of these animals, as they
appear at lower latitudes during the austral winter. However, the
near absence of calls during the austral summer may reflect either
a seasonal migration to other dwelling areas or a seasonal pattern
of vocalization. Still the Antarctic blue whales is the most domi-
nant vocalizing whale recorded by the temporary hydrophone array.
Other populations of blue whales that contribute to the sound spec-
tra are Sri Lankan, Madagascar and Australian pygmy blue whales
(Fig. 13; Samaran et al. 2013). Fin whale calls overlap in frequency
and time with the blue whales and contribute to the strong baleen
whale vocalization energy observed.
At frequencies under 20 Hz, earthquake activity from the In-
dian Ridges and Java-Sumatra subduction zone, as well as ice-
breakup and iceberg grounding sounds sourced near Antarctica,
generate broad-band, short-duration impulsive signals that are
present throughout the year (Fig. 13) There is also continuous,
low-frequency energy present on all three hydrophones under 5 Hz.
During several periods of time,which can last fromweeks tomonths,
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the energy develops into tremor-like signals with a fundamental at
1–3 Hz and several overtones. We interpret this low energy to be
from a combination of sources, including broad-band energy cre-
ated by sea-state (storms, waves and wind), propeller noise from
ships in the area, minutes-to-hours long periods of iceberg ground-
ing tremor, as well as periods of tonal ‘strumming’ caused by fast
moving ocean currents that makemooring line vibrate. This low fre-
quency energy remains present throughout the year, which is con-
sistent with the idea that this energy is caused by currents, storms,
ships and grounding icebergs that can be present year-round in
the Southern Ocean. Moreover, both ships and airgun (for research
and/or oil exploration) sounds are frequently present on the Indian
Ocean hydrophone data, but we do not see a significant contribution
to the long-term noise spectra from these anthropogenic sources as
is seen in the north Atlantic and European Arctic (Klinck et al.
2012). It is well established that there are much greater levels of
ship traffic in the northern hemisphere as compared to the southern
hemisphere (Cato 1976).
The southernmost hydrophone exhibits a period of broad-band
energy from early June to mid-July 2007. Most of this energy is
focused under 20 Hz, although there appears to be a broad over-
tone from 60 to 80 Hz, thus appearing similar to tremor with a
frequency spacing of 40 Hz. It is possible that the signal is an
electronic noise introduced by the hydrophone pre-amplifier. How-
ever the presence of the tremor-like banding in the signal seems
to provide evidence against this explanation. Furthermore, it is not
uncommon to observe high frequency (>30 Hz) tremor-like bands
of energy on other hydrophone data recorded throughout the world.
These bands have been shown to be a result of interference caused
by multipath wide-band signals, including sea-surface and seafloor
reflected acoustic phases, that arrive at the hydrophone with small
time delays (Matsumoto et al. 2011). The multiple arrivals both
constructively and destructively interfere based on their arrival po-
larity, and result in the observed interference pattern. A 40 Hz
spacing between energy peaks is due to a 25 ms time delay between
a direct path and sea-surface reflected phases. Although we don’t
know the local bathymetry of the source or, therefore, the exact
ray paths, this time delay implies a source depth of a few 10 s to
several hundred meters deep assuming a sound velocity of 1490
ms−1. This suggests the source of this signal is relatively shallow,
which is consistent with a large volcanic source somewhere south
of the southernmost SW-AMS hydrophone. Since the signal is only
seen on the southern hydrophone, this suggests the source is either
(1) close to the southern hydrophone but the signal attenuates before
reaching the more distant phones, or (2) the signals are blocked by
shallow bathymetry before reaching the distant hydrophones. The
best candidate for such a volcanic source would be the St Pierre
Bank, 35 km southeast of St Paul Island, which rises to 91 m below
sea-level and was the source of 14 events during 2007 March 7
(Fig. 7). Another potential candidate is the Boomerang seamount,
an active submarine volcano located north of Amsterdam Island,
on the Southeast Indian Ridge axis, with a summit of 650 m depth
(Fig. 8; Johnson et al. 2000). These active volcanoes are 515 km
and 640 km away (respectively) from the SW-AMS hydrophone,
while the NE-AMS hydrophone is 965 and 840 km and the MAD
hydrophone is 2320 and 2250 km. Thus it is plausible that the more
distant hydrophones did not record these volcanic signals because
of acoustic attenuation and/or bathymetric shadowing.
8 CONCLUS ION
TheDeflo-hydroacoustic experiment, supplemented by the IMSper-
manent hydroacoustic stations in Diego Garcia Island and Cape
Leeuwin, provides a 14-month continuous window on the Indian
Ocean soundscape, from whale vocalizations in the 20–30 and 100
Hz frequency bands, to earthquakes and ice tremors at frequencies
<20Hz.Man-made sounds such as ships or seismic surveys are also
present, but only a minor contribution to the overall ambient sound
levels. Due to the hydrophone sensitivity and to the acoustic proper-
ties of the ocean, the completeness of the acoustic/seismic catalogue
is on the order of mb 3.2 with a threshold of mb 2.6, leading to the
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Figure 13. Annual spectrograms of the three temporary hydrophones (location on Fig. 1). Each vertical line is a 24 hr average spectrogram. High-energy
bursts, between 0 and 20 Hz, are due to earthquakes, volcanic tremors and cryogenic events. Horizontal lines correspond to whale vocalizations at very specific
frequencies: (a) fin whales at ∼100 Hz, (b) Madagascan pygmy blue whales at ∼37 Hz, (c) Antarctic blue whales at 18–28 Hz, (d) Australian pygmy blue
whales near 72 Hz, (e) 67 Hz, (f) and 57 Hz, (g) pygmy blue whales from Sri Lanka at 106 Hz. The horizontal extent of the lines shows their seasonal presence
at the three locations. The five species and subspecies all travel to the southern-most site (H11). Fin whales and Antarctic blue whales are ubiquitous and mostly
present from April to October. Madagascan pygmy blue whales are observed at the western sites (H20, H11), Australian and Sri Lanka blues are observed at
the eastern sites (H11, H40).
detection of 5–16 times more events than reported by land-based
networks. The main sources of seismic events are the Sunda Trench
and the three Indian spreading ridges, which are well covered by
the hydrophone array. The low-level seismicity associated with the
ridges shows contrasted distribution depending on the spreading
rate. The Southeast Indian Ridge, the fastest spreading of the three
ridges (55–68 mm a–1), displays seismic activity mainly focused
on transform faults and near the St Paul and Amsterdam hotspots.
The slow-spreading Central (35–48 mm a–1) and ultraslow spread-
ing Southwest (13–15 mm a–1) Indian ridges display more evenly
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distributed events between ridge segment and transform faults.
Cryogenic events are a significant component of the Indian Ocean
noise budget, with high source levels and a latitude-dependent sea-
sonal contribution. Whale vocalizations from five different species
and subspecies (fin whale, Antarctic blue whale and pygmy blue
whales from Madagascar, Australia and Sri Lanka) are also present
near each hydrophone of the array, and their acoustic energy levels
show clear seasonal variability. Monitoring over several seasonal
cycles may provide insight on the population distributions and mi-
gration patterns of these whale species. It is apparent that long-term
acoustic monitoring of the ocean, particularly in the remote South-
ern Ocean, may offer a wealth of new information on a variety of
marine geophysical and ecosystem issues and can be accomplished
using only a few widely spaced instruments.
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